The thermal decomposition of latex foam was investigated under nonisothermal conditions. Pieces of commercial mattress samples were subjected to thermogravimetric analysis (TG) over a heating range from 5 ∘ C min −1 to 20 ∘ C min −1 . The morphology of the latex foam before and after combustion was observed by scanning electron microscopy (SEM), and the primary chemical composition was investigated via infrared spectroscopy (FT-IR). The kinetic mechanism and relevant parameters were calculated. Results indicate that the decomposition of latex foam in the three major degradation phases is controlled by third-order reaction (F3) and by Zhuravlev's diffusion equation (D5). The mean values of each phase as calculated according to a single heating rate nonisothermal method are equal to 41.91 ± 0.06 kJ mol −1 , 86.32 ± 1.04 kJ mol −1 , and 19.53 ± 0.11 kJ mol −1 , respectively. Correspondingly, the preexponential factors of each phase are equal to 300.39 s −1 , 2355.65 s −1 , and 27.90 s −1 , respectively. The mean activation energy and preexponential factor of latex foam estimated according to multiple heating rates and a nonisothermal method are 92.82 kJ mol −1 and 1.12 × 10 −3 s −1 , respectively.
Introduction
Latex foam is an elastic, light weight and flexible form of latex with tremendous economic importance. It is used extensively in automobiles, home ware, airplanes, and so on. It is generally known that latex foam is a cellular structure comprised of liquid latex compounds [1] [2] [3] . The structural characteristics indicate that latex foam has a high potential fire risk, and decomposition is one of the major fire behaviors exhibited by foam materials. Thermogravimetric analysis (TGA) is a useful technique to investigate decomposition processes of materials and their related kinetics [4] [5] [6] . The results of TG analysis are useful for the study of combustion mechanisms.
The thermal decomposition of natural rubber latex and investigation of its primary chemical component, styrenebutadiene block copolymer, has been the subject of much previous research and received considerable research [7] . Hacaloglu et al. [8] reported that the degradation yield of styrene-butadiene-styrene copolymer reaches a maximum at 213 ∘ C. Other researchers have investigated the thermal behavior of natural rubber latex blends [9] [10] [11] . Results indicate that blending improves the thermal stability of the mixture. For instance, the activation energy of chitosan (CS)/natural rubber latex (NRL) composites falls in the range of 30 kJ mol −1 -60 kJ mol −1 . The various structures of styrenebutadiene block copolymers have also been studied [12] . Their activation energy falls in the range of 100 kJ mol −1 -300 kJ mol −1 , and their thermal degradation includes three stages: gas, degradation wax, and residue. The endothermic peak occurs at approximately 450 ∘ C.
Previous studies have detailed the thermal degradation of the materials which are used to form latex foam. However, the materials used in commercial products are typically mixtures of several materials. The decomposition process and the related kinetics will vary greatly from that of pure materials or mixtures comprised of only two components. The latex foam widely used in bedding is typically the primary source of room fires. Unfortunately, very little is 2 International Journal of Polymer Science known about the decomposition processes and the kinetic combustion mechanism of latex foam used in commercial products. Reported research regarding the chemical reaction mechanism of latex foam is particularly scarce. Consequently, further investigation of the thermal degradation behavior of latex foam is necessary.
The objectives of this study are to present an experimental description of the thermal behavior, the pyrolytic process, and the kinetic mechanism of latex foam in a heating rate range of 5 ∘ C/min to 20 ∘ C/m in according to thermogravimetric analysis (TGA). The morphology of latex foam before and after combustion was observed by scanning electron microscopy (SEM). The primary chemical composition of the samples was characterized via infrared spectroscopy (FT-IR). The activation energy (E) values and the preexponential factors (A) of the thermal reaction were studied according to nonisothermal methods (with both single and multiple heating rates). The reaction mechanism functions of various thermal degradation phases were also investigated.
Experimental Procedure
The samples used in this work consist of commercially available latex foam used in mattresses (Sleemon Furniture Co., Ltd., China). The materials were first cut into blocks of dimensions 5 mm × 5 mm × 5 mm; measurements were then taken from these blocks. The primary chemical composition of the samples was characterized by FT-IR analysis, Nicolet iS10.
The structure of samples of dimensions 2 mm × 2 mm × 2 mm was observed by SEM, Tesla BS 340. The thermal degradation process and its related kinematics were investigated by TG analysis (SDT Q600, TA Instruments) with a heating rate ranging from room temperature to 800 ∘ C. The heating rate ( ) varied from 5 ∘ C/min to 20 ∘ C min −1 under a constant air flow (100 cm 3 min −1 ). The initial sample weight was approximately equal to 10 mg. The precision of results was improved by determining average testing values from two replications of each experiment.
The kinetic parameters were extracted based on the degree of conversion ( ) as follows [13] :
where 0 , , and ∞ represent the initial sample mass, the sample mass at time , and the sample mass at the conclusion of the experiment.
Results and Discussion
First, the morphology of the latex foam before and after combustion was observed by SEM at accelerating voltages in the range of 15 kv-35 kv. SEM images of the latex foam are depicted in Figure 1 . As shown in Figure 1 , the studied latex foam is a three-dimensional porous polymer, in which the interconnected pores are of a size > 200 m and demonstrate a wall thickness of approximately 20 m, as shown in Figure 1(a) . Generally, three-dimensional porous organic polymers are very easy to ignite, and the subsequent flame spreads extremely quickly. Therefore, latex foam poses a great fire hazard. After combustion, the morphology of the latex foam was also three-dimensional and porous, which is as it was prior to combustion and as is shown in Figure 1 (b). A very smooth frame work surface is also observed, which appears to represent a liquid cooling formation. This may be a result of the thermal decomposition of synthetic polymers, which typically pass through an oil/wax phase [14] . The most probable chemical composition of the latex foam was then determined by FT-IR. The infrared spectrum of latex foam is presented in Figure 2 . The functional group monosubstituted aromatic hydrocarbons at 701 cm −1 , 1496 cm −1 , 1605 cm −1 , and 3033 cm −1 and aliphatic hydrocarbons at 868 cm −1 , 1451 cm −1 , and 2915 cm −1 were observed for the sample. The match degree between the infrared spectra of latex foam and the styrene-butadiene block copolymer is greater than 80%. Thus, it can be induced that the primary chemical components of the latex foam used in the present experiment were styrene-butadiene block copolymer [15] [16] [17] . Styrene-butadiene block copolymer usually contains approximately 75% styrene and 25% butadiene and is a relatively easy flow material [18] . The related chemical formula is depicted in Figure 3 . An easy flow material will flow easily when the temperature rises to a certain value. The rubber will begin to crosslink, and the ease of flow will decrease as the temperature continues to rise past an optimal value. This corresponds with the results observed by SEM.
International Journal of Polymer Science 
Figure 3: The structure of the styrene-butadiene block copolymer [12] .
Pyrolytic Analysis.
A typical TG plot representing the latex foam at a heating rate of 10 ∘ C min −1 is shown in Figure 4 . The first decomposition phase should correspond to water evaporation, which occurs from the initial temperature up to approximately 140 ∘ C. The mass loss during this phase is approximately equal to 0.5 wt%. The subsequent phase which occurs from 250 ∘ C to 420 ∘ C should consist of the pyrolysis of latex foam which produces various volatile and char (phase II). The mass loss which occurs during this phase is approximately equal to 40%. Next, the expressive decomposition peak at 440 ∘ C belongs to the oil/wax producing phase. The sample mass was reduced by approximately 20 wt% during this process (phase III). Phases II and III indicate the thermal decomposition of the styrene-butadiene block copolymer [8] . Based on these results, the estimated styrene-butadiene block copolymer content is approximately 60 wt%. This is in good agreement with the results observed by FT-IR. The subsequent decomposition peak that occurs at approximately 680 ∘ C is related to the gas formation phase (phase IV). At the conclusion of phase IV, the mass is approximately 25 wt.%.
The thermodecomposition curves of various heating rates are shown in Figure 5 . The temperature range and conversion degree of each composition phase at different heating rates are listed in Table 1 . Results demonstrate that the decomposition phase is shifted to a higher temperature. The temperature range of phase II increases, while that of phase three decreases as the heating rate increases from 5 ∘ C min −1 to 20 ∘ C min −1 . The shape of the TG and DTG curve is nearly identical under the various heating rate conditions. This indicates that the kinetic mechanism of the material is not altered as a result of heating rate, as the shape of the TG curve is determined by the kinetic mechanism function.
Kinetics of Thermal Degradation.
The kinetics of the thermal degradation of latex foam and the reaction kinetic parameters and were investigated according to nonisoconversional methods.
Single Rate Isothermal Method.
The relationship developed by Petr Ptáček et al. [19] was employed, as follows:
where is the activation energy, kJ mol −1 ; is the universal gas constant, 8.314 J⋅mol −1 ⋅K −1 ; is the temperature, K;
is the preexponential factor; is the heating rate, K min −1 ; and the function ( ) represents the kinetic function. and are temperature independent parameters. The probable 4
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The most probable kinetic mechanism of the thermal decomposition reaction for phases II-IV of pyrolysis was determined. The kinetic degree of conversion for each phase was employed to determine that the most probable mechanism was 0.1-0.3, 0.4-0.7, and 0.85-0.95, respectively. The most likely kinetic mechanism of the thermal degradation reaction was assessed using 27 mathematical functions reported in previous work [20] [21] [22] . The proposed functions can be classified into four types: chemical, nucleation, boundary, and diffusion reactions, as shown in Table 2 . Figure 6 depicts the phase II results as an example.
The correlation coefficient of the linear regression representing the third-order chemical reaction (F3) and Zhuravlev's diffusion equation (D5) for phases II, III, and IV is very near to 1, indicating that a three-mechanism kinetic function is the most probably reaction mechanism.
The activation energy and preexponential factor can be graphically estimated from the straight line representing
The results for each decomposition phase are depicted in [12] reported that the activation energies of butadiene styrene copolymers with different architectures fall in the range 100 kJ mol −1 -300 kJ mol −1 . Rao and Johns [9] indicated that the activation energy of chitosan (CS)/natural rubber latex (NRL) blends falls in the range of 30 kJ mol −1 -60 kJ mol −1 . Some researchers [10, 11] have concluded that the blending of materials improves the thermal stability of the overall mixture. Experimental results are in good agreement with those reported above.
Multiple Rate Nonisothermal
Method. The Flynn-Wall (FWO) expression was used to evaluate the and values of the thermal decomposition of latex foam [23, 24] :
In order to obtain , a linear relationship between ln( / 2 ) and −1 at selected fractions of the thermal decomposition is plotted as shown in Figure 7 , and is then evaluated from the related slopes.
International Journal of Polymer Science 5 As described above, the application of the multiple rate nonisothermal method requires determination of the absolute temperature at which a fixed extent of combustion was observed based on the thermoanalytical curves recorded at various heating rates. Calculation of the kinetic parameters focused on the dominant reaction only, in which the conversion degree ranged from 0.1 to 0.3, 0.4 to 0.7, and 0.85 to 0.95. When ln( / 2 ) versus −1 was plotted at identical degrees of conversion, a set of straight lines was obtained for the material (Figure 7) . Thus, the activation energy for a certain extent of conversion could be obtained based on the slopes of the resulting lines. The related values of and for each fraction are depicted in according to the single rate nonisothermal method representing the same conversion phase. However, experimental and calculated results demonstrate identical change trends, in which the average activation energy in the conversion phase of 0.4-0.7 is greater than that observed in the other two phases. This corresponds with the pyrolysis process depicted in Figure 4 .
Conclusion
The degradation kinetics of commercial latex foam were investigated according to TG. Both the single and multiple rate nonisothermal methods were applied to determine the 6 International Journal of Polymer Science 
